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Synopsi8.Aflowinasuddenenlargementofacircularpipe輌saffecteddirectly
bythesuddenchangeinthepipccrosssection.Bchavioroftheflowafterasudden
enlargement,withReynoldsnulnberbelongingtothelaminarflowregion,hasnotyet
beenclarified.Sinccsuddenenlargementinpipesareasignificantcomponcntofa
pipingsystem,clarificationoftheabovenotedflowcharacteristicswillofferpossibilities
forapipelinedesignbasedonrealisticconditions・
Thefollowingresultswereobtainedbytheinvestigationofflowthroughsudden.
enlargementvisualizedbythehydrogenbubblemethodandtracertechnique.
(1)Inthedownstreamofasuddenenlargement,theflowseparatesataregiollwhere
theflowgoesreverselyalongthewallsurfacC.
(2)Tllercattachment.pOintinacrosssectionofseparatedflowchangcsper'iodically
withlnacertainrangealongtheaxialdirection.
(3)Thestaticpressureonthewallsurfaceintheenlargedregionbecomeslowcr
thanthatinthc.reattachmentregionand,asaresult,thepressurcchangcsperiodically
whenthereattachmentpointisoscillated.
Introduction
Therehavebcenanumberofstudiesdonconsuddenenlargementsinpipccross
sectionsusingmanydifferentapproaches.Archcrl),Bcncd輌ctet.al2)andTachibana
et.al3)discussedheadlossduetosuddcnenlarment,butnoneofthemhasbeen
discussedinconjunctionwiththeflowpattem・Macagnoct・al"andKato5)invcs・
tigatedtheflowinsidethesuddenenlargementbyusingthemcthodoffinite
differences,buttheystudiedonlylowerReynoldsnumberssuchas200andundcr500,
respectively・
Itishighlypossiblethatproblemsremainonthcflowstateduetothesudden
expansionofpipecrosssectionwhenReynoldsnumberoftheflowintheupstream
isclosetothecriticalvalue.Thcrefbrc,itisdesirable,fbrapplicatiorlpurposcs,to
clarifythebehaviorsoftheflowundcrthosccond輌tions.　
Theauthorobscrvcdvisualizedflowsw,ithlowerReynoldsnumberswhichvary
theirflowpatternsbetweentheupstreamanddownstreamofthesuddenenlargement.
Asarcsult,theexistenceofrevcrsedflowalongapartofthcwalldownstreamof
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thesuddencnlargementwasfound,unlikeflowpatternshcretof()reexpected6)、
2.Te8tequipmentandte8tmethod
2.1Te8tequipment
ホ
InFig.ltheoutlineofthctcstequipmentisshown.Citywatcris・ 「fedtothe
overflowtypetankwithaconstantheadof296mmandflowsintothebellmouth
conncctedattheinletofthesuddencnlargementtestpipemadeoftransparent
acrylicacidresin.DimensionsofthetestpipearelOmminupstreamins輌dediame・
terD,and20mmindownstreaminsidediameterD2.Thetwopipesareconnected
withabushoftransparentacrylicacidresinasshowninFig.2.Theedgeofthe
suddenenlargementprovidedinsidethebushisshowninFig.2.ThcdistanceL
betwcenthebellmouthandthesuddcnenlarcmentcdgeisdetermincdbyusingthe
followingequationwhichgivesthcIaminarentryregion,where、Rε=2,000,d・=IOmm,
andL=1,300mm.
L=0.065Reば.
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Fig.2Detailoftestpipeconnection
AsinFig.1,theportionofthetestpipetobeobservcdiscmmersedinawater
tankofacrylicacidresinfbreasyobservationandrccordingaswellasforreducing
errorsinmeasuringlocationofbubblcsinrectangulardirectiontothepipeaxisdue
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tothedifferenceofrefractivcindcxofthepipeandair.Thed三stancebetwecnthc
suddenenlargementcndandthesluicevalveattheendofthepipeistakenlong
enoughtoeliminateinfluenceofthevalvetotheflowoftheobservedarea.Water
flowrateinthetestpipeiscontroliedbyopeningofthesluicevalveandmeasured
withameasuringglassandstopwatchtodeterminethetimeofacertainflowquantity.
Thetestwaspcrf()rmcdwithf()llowingaveragevelocitiesinthepipesothatthe
flowinthetestpipcbothatupstreamanddownstrcammaybecomeofaverage
velociticsbelongingtothclaminarflowregion:V,=160mm/s(Rc=1,600)f()rupstream;
andV2=40mm/s(Re=800)fordownstream.
2.2Mea8urementofstaticpressuredistribution
Atfivepointsalongthetcstpipcthestaticpressurewasmeasured.Themeas-
urementwasperfbrmedwithmanometersfixedtoO.7mmdiameterholeslocatedin
adistanceof5D、upstreamfromthesuddenenlargemcntedgeandindistanceof
5D2,10D2,20D2and40D2downstreamfromtheedgerespectively.Readingofthe
manometerheightwasperfbrmedwithadirectrcadingheightgaugeattachedwith
amlcrometermlcroscope,andthemeasuremcntwasmadewithadialindicatorof
theminimumreadingvalueO.Olmm.・
Figure3reprcsentsmeasuredstaticpressuresforlengthofflowpathdividedby
pipeinsidediameter.Circlcdpointsshowrepeatedmeasurcmentvaluesataconstant
flowcondition.Thestaticpressuremeasuredvarieswiththelcngthofflowpath;it
becomesloweratthepointimmediatelyafterthesuddencnlargcmcntedgethan
thatintheupstreamarea,thereafteritincreasesonceandthendecreasesgradually
towardthedownstrcamdirection.Figure3representsaremarkablefluctuationof
pressuremeasuredateachpointofthetestpipc.
Overflowlevel
D/D
Fi9.3Staticpressuredistribution且nthetestpipe
2.3Flowvisualizationwithtracertechnique
ThemeasuredstaticpressureofthepointIOD,isthehighestinthepressure
distributionshowninFig.3.Thcref()rethetracer,methylenbluesolution,was
simultaneouslyinjectcdintotheinsidcwallofthepipethroughtwoinjectionnozzles
ofoutsidediamctcrO.7mmandinsidediametcrO.5mm,intotwoneighboringpoints
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of8D2andl2D2rcspectivcly,andphotographsoftheflowaroundthesepointswere
taken.Theflowrateofmethylenebluesolutionwascontrolledbyadjustingtheheight
ofthesolutionsurf乞ceinthetracerreservoirstoavoiddisturbingthewaterflow.
Anothcrexperimenttofindtheflowpatternbetwcenthepointof8D2andthe
endofthesuddenenlargementwasmadethroughtheinjcctionofmcthyleneblue
solutionintotheinsidewallofthepipeat4D2,themiddlcpoint.
2.4FlowviSualiZationu8ingthehydmgenbubbletechnique
TungstenwiresfbrcathodewithadiameterofO.Olmmwcrestretchedalong
thediameterofthecrosssectionofthetestpipe.Oncendofthewirewasconnected
tothecathodeofapulsegenerator.Theanodeofthepulsegencratorwascon-
ncctedtoastCelwire,outsidediameterofO.5mm,whichwasinsertedatthedown-
streampointofthetungstenwire・
Twotungstenwireswerestretchedwithinthetcstpipeattwodownstreampoints
of .thesuddenenlargementedgc,5D2andlOD2respectively.Bothelectrodesinthe
test.pipewereloadedwithapulsevoltageof400msintervaland.50mswidth,.and
thebehav輌erofthehydrogenbubblesgencratedonthecathodictungstenwirewas
photographed..・
2.5Errorinobservationofhydrogenbubble8
Whenthebubblesinthetransparcntacrylicresinpipeareobscrvedfromtheout-
sidc,、errorsoccurinmeasuringthcirlocationalongtheradiusofthepipeduetothe
differenceintherefractiveindexofair,watcrandthepipe.Todeterminethcorder
ofmagnitudeoferror,ahalfoftheacrylicresinpipccutalongtheaxialcorehaving
aninsidediameterof20mmandoutsidediameterof25mm,thcsamespecifications
asthetestpipe,wasplacedface・downonastandardscale,andsublnergedina
Watertank,asshowninFig.4.Thescalewasreadwithatoolmaker,smicroscope.
Measurlngmicroscope
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crrorinlocatinghydrogenbubbles
Figure5representsthevaluesofthcreadingforthcstandardscalconacoor-
dinateaxis,Thedifferencebetwcenthereadingsandthestandardscalc.arenot
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morethat-0.02mmwithinaradiusof7mmfromthepipeccnter.Themagnitude
ofcrrorisnegligiblysmallexceptnearthepipewall.
3.TestresultsanddiScussions
3.1Fluctuationofmeasuredstaticpressure
Periodicalfluctuationswereobservedinthemeasuredvaluesofstaticpressureat
vanouspointsofthetestpipe,asshowninthestaticpressuredistributionmeasure-
mentinFig.3.Tostudyperiodicalnatureofthefluctuation,themanometerlcvcl
atthepointoflOD2wasreadevery5secondsfbrl50seconds.Figure6showsthe
measuredlcvelvalues,mmAq,fortime.Itindicatesthatfluctuationofthestatic
pressureatthepoint10D2isperiodical.
296.00 Overflowlevel
280.00
?
?
?
?〕?
?
279.5
10D2
V2:40mm/s
mm
Time
Fig・6Fluctuationofmeasuredstaticpressure
Todeterminetheperiod,thefrequencynofthemanometerlevclpassingthe
middlepointofthefluctuationrangewascountedevery4minutesf()r20minutes .
Figure7indicatesthefrequencynforthetimeduringT.Thepointsshowingthe
valueofnforTaredistributedaroundapositiveincreaselineandtheyhavea
linearrelation.Therefore,thecorrelationwassupposedtoberepresentcdbythe
followingexperimen七alformula,
カ=α 十 ●τ
Tablel,
(1).
thetableofanalysisofvariance,wasobtainedbyaregressionanalysis.
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Table.1AnalysisofVarianceTable
Source SumofSquares DegreesofFreedom MeallSquare
Fo
Regression 2,664.50 1 266.45
Residual 4.46 3
・
L486㊦
1
Betweentreatments 2,668.96 4 667.24 57.42
Withintreamcnts 232.4 20 ll.62
Total 2,901.36
TheresidualvarianceSrfromthatofregressionisnotsignificanttovarianceof
errorVeinthiscase.Therefbre,thelinearregressionisvalidenough.Thelinear
regressionformulaisgivenasfbllows;
n=-1.07×10-8一 ト1.82T(2).
Infbrmula(2),-1.07×10-3isnegligiblysmall,hence
n=1.82T(3)。
Vb,theunbiasedestimatorofbisgivcnby
Vb－ 叢 。)一';6;2-…14525・
Underaconfidencclimitof95%,
b=1.82±0.241.
Theperiodbecomes1/b,theref()re
T=33.0±4.3(s).
Atthepoint20D2,theperiodof33secondsofmanomcterlevelfluctuation,sameas
thatatthepoint10D2,wasobtained.
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Asimultaneousobservationofthefluctuationsinmanometerlevelsatpoints
lOD2and20D2showedadifferenceinmanomcterlevels.
TheamplitUdeofthemanometerlevelfluctuationsatthevariouspointsofthe
testpipewasobservedtobcdccreas三ngwiththeincreaseofdistanceofthemeasured
pointfromthesuddeneniargementedge.
3.2Flowneartheinnerwallatthesuddenenlargementedge
Photographsofflowofmethylenebluesolutioninjectcdfromthepoints8D2
andl2D20nthetestpipcweretakenatthesametimeofthemeasurementofstatic
pressurewithamanometerinstalledatthedownstreampointIOD20fthesudden
V2:40㎜/s(Re:800)
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Fig.8Streaklinealongthesurfaceinsidetestpipe
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enlargementedge.Figure8showsthesephotographsinchronologicalorder.The
streaklinevariesinaperiod'ofapproximately30sccondsinaconsequenceof(A)一
(D)一(A).
ThestreaklincinFig.8(A)showsadisturbanceatthedistanceofthepoint
8D2fromthesuddencnlargementedgeandastraightlinetothedirectionofflow
atthepointl2D2.In(B)thestreaklinesarestraightalongtheinnerwallofthe
p輌pebutrunupstreamatthegpoint8D2anddownstrcamatl2D2.Thelinein(C)
showsareversedstraightlineat8D2andad三sturbedflowat12D2,thcoppositeof
(A).In(D)bothofthctwolinesarestraightalongtllewallofpipeandflowing
againstthewaterflowdirection.
Sincestreaklinesflowingintheoppositcdirectionofwaterareclearlyshownin
Fig.8,itisrecognizedthatpartialflowsofreverseddirectionexistintheneighbor-
hoodofthepipewalldownstreamfromthesuddenenlargementedge.Theregion
wherethoseflowsarefbundissomewhereupstreamfromthepoints:8D2in(A),
between8D2andl2D2in(B)and(C),andsomepointdownstreaml2D2in(D).
Thedownstreamlimitoftheregionisconsideredtobemovableinthcpipeaxis
directionsubjecttoccrtainconditions.
Inaccordancewithprogressofcyclicchangeofstrcaklinesfrompoints8D2and
l2D210cateddownstreamthesuddenenlargcmentasinFig.8,thestaticpressure
measuredatthepoillt10D2fluctuatesperiodically.Testresults三ndicatethatthe
staticpressuregivesmaximumvaluesasinFig.6whenthestreaklinelooksas(A)
ofFig.8,andminimumf()r(D)ofFig.8.
FromrccordsofFig.8,reverseflowregionisrecognizedatpoint10D2instatus
of(D)butnoneofitexistsin(A).Therefbre,ithasbeenf()undthatalocalstatic
prcssurcislowerwhcnarevcrsedflowexiststhanwhenonedocsnot.
3.3Flownearacmsssectionlocateddownstreamfromthe8uddenenlargement
Basedonobservationsofbehaviorsofsuddencnlargcmcntflowsaccordingto
pipcaxialdirection,existcnceofreversedflowsnearthepipewallwasverified,and
thecorrelationbctweenthoseflowsandmeasuredstaticpressureswasalsoclarified.
Toperformobservationofthoseflowsaccordingtopipccrosssection,atungstcnwirc
wasplacdatthepointof10D2downstrcamf()rmthesuddenenlargement,photographs
oftheflowofhydrogcnbubblesgeneratedbythewirewcretakenasshowninFig.9.
Theflowsasindicatedby(E)and(F)inFig.9appearedalternatelywithaperiod
ofapproximately30secinthevicinitytothepointlOD2.
InFig.9(E)timclinesareobservedclosetobothofthepipcwallstowardsthe
suddcnenlargement.Itindicatcsexistcnceofapartialflowinthereverseddirection
totheflowinthepipe.
ThehydrogenbubblesillustratedinFig.9(F),verydifferentfromthoseinFig.
9(E),aredistributedoutofsequenceintheareadownstreamtotheanodetungstcn
wire.Thismeansthattheflowinthisarea輌sdisturbed.
FromFig.9,itisf()undthattwopattcrnsofflow,onewithapartialflowalong
thepipewallandanotherinadisturbcdcondition,appearalternatclyinthcarca
aroundthelOD2pointindownstreamtothesuddenenlargement.
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Fig.gHydrogcnbubblerowincrosssectionofthetestpipe
ThestatusofflowshowninFig.9(E)correspondstotheflowpatternassociated
withstrcaklinesgoingupstream,whichisillustratcdinFig .8(D)withtracertcch-
nlque・
TheperiodinwhichtheupstreamtimelineappearsattheIOD、pointwascon-
firmcdcoincidingtothatofoccurancethattwostreamsofmethyleneblueinjected
frompoints8D2andl2D2comebothagainsttheflowinpipe .Thisfindingmay
haveresultedfromdifferentobservationsofasinglephenomenon ..
Theflowconditionattheborderbetweentheflowinthecenterofthepipe
andtheflowalongthcwallofthepipelookssignificanttoclarifythephenomenon
ofthereversedflow.ThereforeaphotographshowninFig .10,0fflowneartothe
cathodetungstenwireplacedatthepoint5D2,wastakenf()robtainingaclear
recordofthebubblerowgoingupstreaminclusiveofthetimeline .Thethickncss,
inradialdirectionfromthcpipewall,oftheupstrcamgoingtimelincis3mmor
30%ofthetestpipeinsidediameter.Thatmeansthereversedflowcomposesa
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Fig.10Timelineinthereverseddirectiontotheflowinsidepipe
thicklayeralongthesurfaccoftheinsidepipe.
Sinceatimelinedirectingupstreamatthe5D2pointisobservedallthetimeit
isfbundthatareversedflowportioncxistsalongthesurfaceoftheinsidepipe
betwcenapointＬocated .upstrcamtothecathodetungStcnwireandthesudden
enlargementedgeasseenfromFig.9(F).
3.4Therever8edflowportion
Anargument7}hasbecnreportcdthattheremayexistalargeportionofreversed
flowalongtheinsidewallofthepipebasedupontheorcticalanalysisofviscousflow
inasudden印largementinapipeandthatitsexistenceisnotverifiedyct.
Bymeansofthcauthor'sinvestigations,thediscussedreversedflowisconsidered
tocoincidctothatobscrvedinthetcsts,andithasbcenfbundthatasuddenenla-
rgementofflowofalowReynoldsnumberisassociatedbyareverscdflowportion.
JudgingfromFigs.8andgtheflowaroundtheendofthereversedflowapPears
to、beindisturbance.Thisdisturbancecanbeestimatedasalocalone8)settlingin
the・coursesoftheflowinthepipesincetherangcoffluctuationofstaticpressure
mcasuredgetssmalicraccordingtoincrcaseofrunningdistanceoftheflowinpipe.
。Thc 、periodoffluctuationofthestaticpressuremeasuredatthepointlOD2
equalstothatofthechangeofflowatpointsupanddownstreams,whichhasbecn
obta輌ncdbytheflowvisualization.Thcrc五)re,somerelationshipbetwecnthemea-
suredstaticpressurefluctuationintheareadownstreamtothesuddenenlargement
an(1thebehavicrofflowattheendofthereversedflowisexpected.
3.5Frequencyoffluctuationsattheoutermostboundaryatthereversedflow
portio皿ofatestIDipe
Atracerwasinjcctcdintothetestpipeneartheinnerwallatthepoints8D,
andl2D2toobservethemovemcntofthetracerbyvaryingthemeanvelocityof
flowinthさpipe.Themeanvelocityofflow,V2,0nthedownstreamsideinthepipe・
wasset.at3.5,4.0,4.5and6.Ocm/s.
9-10
Taniuchi
Itwasobservedthatthctracerreversedcourseupstrcamanddownstreamat.
periodicintervalS.Thedownstreamboundaryofthetracerflowfluctuatedperiodi-
callywithinacertainrangeinthelongitudinaldirect三 〇nofthepipe.Th6accumu-
lativenumberoft三mesthetracerfluctuatedfor20m三nuteswascountedat,afour-
minuteintcrval,andtheresultswereanalyzedregressivelyandplottedasshownin
Fig.lLTheperiodduringwhichthetracerfluctuatedisrelatedwithV2.linearly
as'showninthisfigurcandthenumericalvalueofTodecrcaseswithanincreascin
thevalueofV2.'
?
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Meanvelocityintestpipefordownstream
Fig.11Frequencyoffluctuationattheoutermost
boundarythereversedflowportionandmean
velocityintestpipefordownstream
ThevalueofToisshownat30secondsagainstV2・=4.Ocm/sonFig .ll.This
isclosetothatoftheperiodduringwhichstaticpressurefluctuates
,ascalcu-
latedbyEq.(3).Thefluctuationsattheboundarymostdownstreamofthereversed
flowportionareconsideredtobeoneofthecausesofstaticpressurefluctuationsas
pointedoutpreviously.
4.Conclusions
Thef()llowingfactshavebeenclarifiedbytheinvestigationsofaflowinsidea
suddenenlargementofpipewiththediametcrratioofl=2andwithReynolds
numberof1,600f()rtheupstreamflowinthepipe.Thetestshavebeenmadethrough
measurementsofstaticpressureaccompaniedbyflowvisualization:
(1)Flowseparatesatthedownstreamedgeofthesuddenenlargemcntconsistently
andreattaches8D2tol2D2fromthesuddenenlargement .
(2)Downstreamendofreverseflowchangesperiodicallywithinacertainrange
alongthepipewallsurfacc.
(3)M・a・u・ed・t・ti・p・ess・ ・e・f・p・i・tbec・m・ ・1・werif・ ・e・…edfl・wp・ ・ti・n
,
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existsthere,than三nthecasewhercsuchaportiondoesnotexist.
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